Dietary fatty acids alter blood pressure, behavior and brain membrane composition of hypertensive rats de Wilde,
. Introduction
decrease coronary heart disease, and suppress cardiac arrhythmia [3, 12, 16, 21, 22, 26, 29, 31, 34, 35] . In particular, The cardiovascular protective effects of long chain n-3 eicosapentaenoic acid (EPA, 20:5 n-3) and docosahexpolyunsaturated fatty acids (PUFAs) derived from fish oil aenoic acid (DHA, 22:6 n-3) were identified as the have been repeatedly demonstrated by both human epibiologically active n-3 PUFA constituents in fish oil, of demiological and experimental animal studies. The conwhich DHA emerged as the potentially more effective sumption of an n-3 PUFA rich diet was shown to successsubstance [26, 29] . fully reduce blood pressure in developing hypertension, Besides moderating hypertension, dietary n-3 PUFA intake in spontaneously hypertensive rats (SHRs) was shown to change tissue phospholipid composition in (n-3) PUFA ratio in SHR brain membranes followed the
The source of fatty acid additives and polyunsaturated fatty acid content ratio in the diets, and was reduced accordingly [11, 43] .
of the experimental diets (g / 100 g) Interestingly, the balance between n-3 and n-6 PUFAs in accompanied by elevated brain DHA content [37, 48] . The authors proposed that the changes in brain fatty acid In the present study, we aimed at identifying the behavioral correlates of alleviated hypertension after chronic n-3 PUFA-enriched dietary treatment of SHRs.
Since spatial learning performance of SHR animals apanimals were first group-housed in cages of five, and peared to be impaired [17, 30] , we postulated that dietary moved to individual cages at the age of 24 weeks, when n-3 PUFA supplementation could improve memory capacispatial learning testing started. The rats were following the ty not only by relieving hypertension, but also by being given nutritional regimes from 4 to 80 weeks of age, and incorporated into cerebral membranes. In order to tackle were offered food and water ad libitum except the periods the parallel vascular and behavioral effects of n-3 PUFA of the holeboard learning test, when food restriction was feeding in SHRs, we measured systolic blood pressure, imposed. The animals were weighed weekly during the assessed behavioral profile and analyzed fatty acid comentire experiment and daily during the period of food position of cerebral membranes. Further, the different readrestriction (Fig. 1 ). outs were correlated to unravel a potential, individual relationship between brain membrane composition, learn-2 .3. Blood pressure measurement ing capacity and blood pressure in alleviated hypertension.
Systolic blood pressure (BP) was repeatedly measured by the tail-cuff method [5, 27] At the age of 44 weeks, the animals were trained in the Morris water maze spatial memory test [8] . The maze consisted of a water tank and a square, hidden platform on a fixed location, 1 cm beneath water level. A video camera recording the animals' swimming pattern was directed to a computer equipped with a videotracking software (EthoVision 2.0; Noldus, Wageningen, The Netherlands), which measured swimming distance and time, and also discriminated a platform area (d548.5 cm). The animals were trained twice a day on 5 consecutive days during the acquisition phase. The rats entered the water at four 
.4. Behavioral and learning tests
A small open filed paradigm was used for the observation of spontaneous activity in a new environment. At the age of 19 weeks, the rats were moved from their home cage to a small open field (25325330 cm) in a dimly lit room, and their behavior was followed for 60 min. The actual behavioral pattern of the individual rats was registered every 10 s. The following behavioral patterns were recorded: sniffing, ambulation, digging, rearing, grooming and immobility. Scores were calculated to represent the frequency of the exhibited behavioral patterns. The calculation was carried out for consecutive 10-min time blocks and for the total 60-min observation period (1 point per manifested pattern per every 10 s).
Next, the animals were trained in the holeboard spatial random starting points, were given 2 min to locate the mm film thickness, Supelco, catalog No. 24131). To platform, and were allowed to sit on the platform for 15 s.
identify peaks, Supelco fatty acid standards were used The average swimming distance of the two trials was (catalog Nos. 4-7085-U, 4-7015-U). The amount of the calculated as daily score. A probe trial took place 3 days identified fatty acids was calculated as percentage of the after the last acquisition trial, where the platform was total amount for each phospholipid class. removed from the pool. The rats were allowed to swim for 1 min and the time spent in the platform area was recorded as a measure for retention of the platform location.
2 .6. Statistical analysis
.5. Cerebral fatty acid analysis
The growth curves, systolic blood pressure values and the behavioral results were compared by repeated measureAt the age of 80 weeks, the rats were shortly perfused ment two-way analysis of variance (ANOVA). The Morris by an ice-cold saline solution of 5.8 mM EDTA following maze probe trial was tested by univariate two-way deep anesthesia with sodium pentobarbital. Lipids were ANOVA. The brain fatty acid composition was analyzed extracted from whole brain according to Folch et al. [15] .
by a multivariate general linear model two-way ANOVA. The lipid classes were separated on thin layer chromatogIn all cases, the LSD correction was chosen for the post raphy plates (20320, Silica G 60) using methyl hoc multiple comparison analysis of dietary effect. Tables 3-5 summarize the hypertension and diet-ineffect on BP in SHRs diminished with age (79 weeks) duced changes in cerebral fatty acid composition of (Fig. 2) (Fig. 3) .
sitol class, while the dietary supplementation considerably Fig. 4 demonstrates spatial learning in the holeboard. elevated both n-3 and n-6 PUFA concentration. An inThe learning curves show diet-induced improvement in the crease in total PUFA content was the most consistent performance of WKY rats, which was statistically signifiacross phospholipid classes. The (n-6) /(n-3) PUFA ratio was significantly reduced by the diets, most strikingly in the phosphatidylethanolamine class. Correlation analysis demonstrated that the (n-6) /(n-3) PUFA ratio rather than DHA or AA contents alone corresponded with BP, which was especially obvious in SHRs (Fig. 5A ). The ratio of (n-6) /(n-3) PUFA in the phosphatidyethanolamine class stood in direct correlation with learning score in the holeboard test (Fig. 5B ).
. Discussion
Our BP measurements verified previous reports that increased dietary n-3 PUFA content effectively attenuated the development of hypertension in SHRs [3, 12, 16] . The data indicated that the effect was apparent only in adult SHRs and not in WKY rats, and disappeared at the end of the animals' life span. To date, BP changes with respect to dietary PUFA supplementation were not reported at this advanced age. We suggest that an age-related, general failure in BP regulation could have overruled the dietary effect at 79 weeks.
The SHRs showed more active exploratory behavior in a novel environment, which had been repeatedly documented and attributed to increased locomotor activity in other open field paradigms [7, 18, 23, 39, 40] . The lack of correlation between exploratory behavior and BP also confirms previous data: although telemetric recording detected greater pressor response and tachycardia of SHRs than of WKY rats during exploration, the magnitude of the [40] . Data are given as mean6S.D. Bold face indicates fatty acid types that were manipulated in the experimental diets. Abbreviations: AA: arachidonic acid, C: control diet, D1: Diet 1, D2: Diet 2, DHA: docosahexaenoic acid, DMA: dimethylacetale (plasminogen-derived), FA: fatty acid, MUFA: monounsaturated fatty acid, n.d.: non-detected, PC: phosphatidylcholine, PE: phosphatidylethanolamine, PI: phosphatidylinositol, PS: phosphatidylserine, PUFA: polyunsaturated fatty acid, SFA: saturated fatty acid, SHR: spontaneously hypertensive rat strain, tr.: trace. have been responsible for this effect. The findings correspond with the conclusion of a previous study of ours, that increasing the dietary n-3 PUFA concentration above daily requirement, rather than as a compensation for dietary n-3 PUFA deficiency produces no conspicuous effect on the behavior of rats, when dietary groups are compared [8] .
Therefore we propose that n-3 PUFA supplementation to hypertensives may not directly improve cognitive performance. Instead, n-3 PUFA load can moderate neuronal damage imposed by hypertension-related, acute cerebrovascular events, possibly by combating oxidative stress [46] . On the other hand, the correlation between spatial learning performance and the (n-6) /(n-3) PUFA ratio appeared to demonstrate subtle but sound PUFA-related improvement in learning capacity. Such correlation analysis appears to be a more sensitive method than group comparisons to reveal the concealed, dietary PUFA-induced improvement in learning, probably because the individual variations in spatial memory and brain fatty acid composition coincide.
The brain fatty acid analysis demonstrated that MUFA and PUFA concentrations were lower in SHRs than in WKY rats. Since hypertension is a vascular type of pathology, altered fatty acid transport through the bloodbrain barrier (BBB) may be one factor to account for the hypertension-related difference. The endothelial cells of the BBB selectively transport PUFAs and their precursors, while the perivascular astrocytes actively participate in the metabolic elongation of fatty acids [10, 28] . Although the effect of increasing BP on endothelial fatty acid transport has not been established, hypertension was shown to alter other carrier-mediated mechanisms like tryptophan and glutamic acid trafficking, which correlated with brain content [38] . Furthermore, perivascular astrocytic metabolism was also found to be compromised in hypertensive rats [44] . Therefore either pressure-induced endothelial dysfunction at the BBB or exhausted astrocytic metabolism could lead to reduced MUFA and PUFA content in SHRs. reduced (n-6) /(n-3) PUFA ratio. These data strongly correspond with the dietary composition, and reinforce that dietary fatty acid content is reflected in the phospholipid structure of cerebral membranes [6, 24] . Cerebral MUFA significantly reduced exploratory behavior. A similar tenconcentration increased while SFA ratio decreased due to dency was observed in the holeboard in that specifically the experimental diets, the latter possibly on account of Diet 2 improved learning of WKY rats. Since the comreplacement by PUFA / MUFA. position of Diet 2 included other additives than PUFAs, Since Diet 1 and Diet 2 were enriched with PUFA at the the additional supplements, rather than PUFAs alone must expense of MUFA content, the consistent increase of Although the correlation found between BP and (n-6) / R eferences (n-3) PUFA ratio in SHR brain was prominent, it is still tempting to speculate that no direct causality operates ever, an inverse reasoning cannot exclude that alleviation 
